Magnetic fields and uniformity of radio frequency power deposition in low-frequency inductively coupled plasmas with crossed internal oscillating currents Radial and axial distributions of magnetic fields in a low-frequency (ϳ460 kHz) inductively coupled plasma source with two internal crossed planar rf current sheets are reported. The internal antenna configuration comprises two orthogonal sets of eight alternately reconnected parallel and equidistant copper litz wires in quartz enclosures and generates three magnetic (H z , H r , and H ) and two electric (E and E r ) field components at the fundamental frequency. The measurements have been performed in rarefied and dense plasmas generated in the electrostatic (E) and electromagnetic (H) discharge modes using two miniature magnetic probes. It is shown that the radial uniformity and depth of the rf power deposition can be improved as compared with conventional sources of inductively coupled plasmas with external flat spiral ͑''pancake''͒ antennas. Relatively deeper rf power deposition in the plasma source results in more uniform profiles of the optical emission intensity, which indicates on the improvement of the plasma uniformity over large chamber volumes. The results of the numerical modeling of the radial magnetic field profiles are found in a reasonable agreement with the experimental data. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1768176͔
I. INTRODUCTION
High-density, low-temperature rf plasma sources have been increasingly attractive for numerous industrial applications ranging from traditional highly selective dry etching and microstructuring of silicon wafers in ultra-large-scale integration semiconductor manufacturing to recently reported synthesis of carbon-based nanostructures in the fabrication of electron field emitters for the development of advanced flat display panels. [1] [2] [3] [4] High number density and excellent uniformity of fluxes of reactive species over large volumes and surface areas are crucial for the improvement of the efficiency of plasma processing. Among various rf plasma sources, inductively coupled plasma ͑ICP͒ devices have attracted a great deal of attention because of their excellent properties to generate high-density, large-volume, and largearea plasmas. Presently, low-pressure, low-temperature ICP sources are used by several industries as reference plasma reactors for numerous applications in semiconductor manufacturing, optoelectronics, and synthesis and processing of advanced functional films and coatings. 5, 6 The configurations and positioning of rf current driving antennas can be quite different. For example, the inductive coil can be either placed externally or internally with respect to the discharge chamber. In one of the most common embodiments, the inductively coupled plasma is sustained by the rf power deposited by an external flat spiral inductive coil ͑''pancake coil''͒ installed externally to and separated by a small air gap from a dielectric window that seals a ͑usually cylindrical͒ vacuum chamber. [7] [8] [9] Most of the commercial ICP reactors feature a fused silica or reinforced glass window a͒ Electronic address: K.Ostrikov@physics.usyd.edu.au b͒ Author to whom correspondence should be addressed. Electronic mail: syxu@nie.edu.sg sealing the chamber in its r-cross section from the top. The rf current driven through the flat spiral inductive coil generates the electromagnetic field that features the azimuthal electric E as well as the radial H r and axial H z magnetic field components. 10 Due to the obvious symmetry of the problem, the azimuthal electric field features a dip near the chamber axis r ϭ0. In the idealized case of concentrical purely azimuthal rf currents E (rϭ0)ϭ0. 11 This feature has been confirmed by the extensive magnetic probe measurements and numerical modeling results. [11] [12] [13] [14] [15] Using the linear, with respect to the rf field amplitude, approximation, which is normally valid at low rf input powers, 16 -18 it was shown that the rf power deposition to the plasma is strongly nonuniform and the actual rf power density has a well-resolved minimum near the chamber axis. 19 Representative contour plots of the rf power density in conventional sources of inductively coupled plasmas are shown in Figs. 7͑b,d͒ of Ref. 19 . This is consistent with the power density profiles derived through the mapping of the electromagnetic fields in the chamber and the results of optical emission spectroscopy. 11, 20, 21 Thus, the improvement of the uniformity of the rf power deposition is one of the key concerns of modern plasma processing applications and several attempts to modify the inductive coil configuration and/or adjust the rf power coupling have been reported. 22, 23 Recently, we have reported on the development of a source of low-frequency (ϳ460 kHz) inductively coupled plasmas employing two orthogonal sets of eight rf currents reconnected alternately and driven inside the modified vacuum chamber. 24 According to the earlier theoretical predictions, 19 we expect that the new antenna configuration will generate more uniformly distributed electromagnetic field patterns and will thus improve the uniformity of the rf power deposition. Here, we report on the experimental verification of this power deposition concept by the measurements of the distributions of the magnetic field and optical emission intensity of the selected argon species in the plasma source. We also show that the radial profiles of the rf magnetic fields and the contours of the rf power deposition are in a remarkable agreement with the numerical results.
The paper is organized as follows. In Sec. II, the details of the vacuum system, gas handling, rf input, antenna configuration, and magnetic probe design are given. The results of the experimental mapping of the magnetic field topography in the plasma source are presented in Sec. III. In Sec. IV, the experimental results from two different ICP sources are discussed and compared with the results of numerical computations. The paper concludes with the summary of the major results obtained and a brief outlook for the future research.
II. EXPERIMENTAL DETAILS
A simplified drawing of the low-frequency source of inductively coupled plasma, with the coordinates used, is given in Fig. 1 . A vacuum vessel is a double-walled, water-chilled stainless steel chamber, with the inner radius of Rϭ16 cm and length of Lϭ23 cm. A semidome shaped top with the equidistantly positioned openings in the sidewalls seals off the vacuum chamber. Four rectangular side ports enable the access of various diagnostic tools or visual discharge observation. Two adjacent ports are positioned 90°apart and are equipped with seven axially aligned portholes for the Langmuir, optical emission, and magnetic probes.
The antenna comprises the two mutually orthogonal sets of parallel copper litz wires enclosed in cylindrical quartz tubes and introduced into the chamber top section through equidistantly positioned cylindrical openings as schematically shown in Fig. 2 . The wires are reconnected in the way that the effective antenna impedance is reduced to the minimum, which is advantageous for the improvement of the rf power transfer efficiency. 8, 9 The antenna is powered by Advanced Energy PDX8000 0.46 MHz rf generator with the output range of 10-8000 W. The connection points are denoted by I and II, respectively. The generator is connected to the coil via an in-house designed -type matching network. Since the total length of the antenna is much smaller than the electromagnetic wavelength at 460 kHz, it is reasonable to assume that the rf current has the same phase in all parts of the coil. Hence, the electric field with the two, radial E r and FIG. 1. Schematics of the plasma source with the internal antenna configuration: ͑1͒ vacuum chamber, ͑2͒ chamber top, ͑3͒ openings for the internal wires.
FIG. 2.
The way of the current-carrying wire reconnection in the internal antenna with the minimized impedance. I and II denote the connection points of the rf generator. The bold solid arrowed line shows the direction of the generated electric field with the E and E r components. Reconnection of only four wires ͑two in each direction͒ is shown.
azimuthal E , components, and the resulting direction as denoted by a bold solid arrowed line in Fig. 2 is excited. The arrow in Fig. 2 points at one of the side ports equipped with the diagnostic portholes. This direction will be further referred as ϭ0°. The second side port with the portholes is located in 90°clockwise, and the corresponding azimuthal position is referred to as ϭ90°. The bottom of the chamber also contained 16 portholes aligned radially at the azimuthal position ϭ0°. Further details of the chamber and antenna configuration design and operation can be found elsewhere. 24 A combination of a 450 ls Ϫ1 turbo-molecular pump backed by a two-stage rotary pump allows one to achieve base pressures of the order of 10 Ϫ5 Torr. The feedstock gas inlet and operating pressure can be controlled by MKS mass flow controllers. In this work, the argon gas pressure p 0 was maintained in the range of 20-100 mTorr. However, the plasma source is capable for stable work within the pressure range of 0.001-1 Torr, 24 which is suitable for most of the low-to-intermediate pressure plasma processing applications. 25, 26 The distribution of the rf magnetic fields excited by the internal antenna configuration of Fig. 2 was measured using two miniature magnetic probes. The schematics and details of the magnetic probe design and operation can be found elsewhere. 15 Briefly, the probes are made of 5 mm thick cylindrical Teflon heads mounted on thinner hollow aluminum tubes. Two miniature solenoids made of thin insulated copper wires are wound around the Teflon heads as shown in Fig. 2 of Ref. 15 . Depending on the orientation of the solenoids, the magnetic probes can sense either the radial magnetic field component H r ͑''radial probe''͒ or H /H z components ͑two different positions of the ''azimuthal/axial'' probe͒. To map the spatial distribution of the magnetic fields in the chamber, the probes have been inserted radially or axially through the portholes in the diagnostic side ports ͑at ϭ0°and ϭ90°) and bottom plate of the chamber.
The mapping of the magnetic field distribution was complemented by the measurements of the radial and axial profiles of the optical emission intensity of selected spectral lines of argon atoms and singly ionized ions in the wavelength range of 300-900 nm. The optical emission of different spectral lines of the excited/ionized species produced by the plasma discharge was collected by a collimated optical probe inserted radially or axially into the plasma chamber. An optical fiber was used to transmit the collected signal to the entrance slit of a monochromator ͑Acton Research SpectraPro-750i model, 0.750 Meter Focal Length Triple Grating Imaging Monochromator/Spectrograph͒. The emission amplified by a THORN EMI photomultiplier was dispersed and analyzed by the above monochromator, which had a spectral resolution of 0.023 nm. In order to monitor the output signal on the computer in real time, the signal was continuously digitized by an analog to digital convertor built-in in the scan controller. The scanning and data acquisition process was controlled by the data acquisition and analysis software SPECTRASENSE™ ͑Acton Research Corporation͒. Using the data acqusition system, we were able to record broad spectral bands or selectively monitor certain spectral lines.
III. EXPERIMENTAL RESULTS
The measurements of the magnetic field topography in the chamber have been conducted in three different regimes, namely, in a fully evacuated chamber, in low-, and highdensity plasmas. The low-density ͑rarefied͒ plasma, with the spatially averaged electron/ion number densities n e,i ϳ3.3 ϫ10 9 cm
Ϫ3
was generated in the low-input-power (ϳ300 W) electrostatic (E) discharge mode at 30 mTorr. On the other hand, the high-density (n e,i ϳ6ϫ10 11 cm Ϫ3 ) plasma was sustained with 770 W rf powers in the electromagnetic (H) mode of the discharge at the same gas feedstock pressure. The electron/ion densities were measured using a conventional Dryuvestein's routine without assumption of any specific electron energy distribution function. 25 Below, we will show that the magnetic field measurements complemented by simple relations between the field components following from Maxwellian equations confirm that the actual electromagnetic field excited by the antenna configuration of our interest here indeed features two components of the electric field E and E r and three components of magnetic field H z , H r , and H ͑TE electromagnetic field 27 ͒, in a remarkable agreement with earlier numerical predictions. 19 First, we have observed that the difference between the magnetic field values and distributions in the evacuated and rarefied plasma cases is minor and the corresponding deviations typically do not exceed a few percent. For this reason, here we present the results in the low-and high-density plasma cases only. Figures 3 and 4 display the radial profiles of the magnetic field amplitudes measured at different axial and azimuthal positions in the E-mode discharge. Specifically, Fig. 3 shows the radial distributions of H r and H z at ϭ90°and two axial positions, namely, zϭ8 and z ϭ14 cm from the midplane between the two sets of mutually perpendicular coils ͑the beginning of the Cartesian coordi- FIG. 3 . Radial distribution of the amplitude of the induced radial ͑a͒, ͑b͒ and axial ͑c͒, ͑d͒ components of the magnetic field in the plasma chamber fully filled by the rarefied plasma (n e,i ϭ3.3ϫ10 9 cm Ϫ3 ). Argon gas pressure p 0 and the total power deposited into the plasma P p are 30 mTorr and 300 W, respectively. Measurements are performed at the axial positions zϭ8 ͑a͒, ͑c͒ and zϭ14 cm ͑b͒, ͑d͒ and azimuthal angle ϭ90°.
nate system in Fig. 1͒ . It was also noted that the phase of the rf magnetic field is almost constant ͑with respect to the phase of the rf current͒, and is not shown here. In particular, Fig. 3 demonstrates the penetration of the radial and azimuthal magnetic field in the low-density E-mode plasma. In this case the character of the field penetration is weakly reflected by the expected evanescence due to the ''skin effect,'' characterized by the penetration length in the plasma,
where ⌼ϭ 1 /R, 1 is the first root of the first derivative of the Bessel function of the first kind, and is the frequency of the electromagnetic field. 19 The results of Fig. 3 suggest that the amplitude of the radial magnetic field component peaks near the chamber axis, slowly decreases along the radius, and vanishes thereafter in the vicinity of the walls. Meanwhile, one can see that the amplitude of the axial component of the induced magnetic field has a zero value at r ϭ0 and a clear maximum at rϭ12-14 cm ͑depending on the axial position͒ from the center. This is in a good agreement with the boundary conditions suggesting that the tangential component of the electric field and normal component of the magnetic field have to vanish at the sidewalls of the chamber. 27 The azimuthal magnetic field H is 90°azimuthally phase shifted with respect to H r and H z and its radial distribution was measured at the axial position zϭ8 cm ͑Fig. 4͒.
This component is not present in the linear electromagnetic field pattern of the conventional ICP source with a planar spiral coil and can appear as a result of the nonlinear Lorentz force action at elevated rf power inputs. 15 From Fig. 4 , it is evident that the amplitude of H is fairly uniform ͑as compared with the radial and azimuthal magnetic fields͒ within the radial distances rϭ0 -10 cm, peaks at rϭ0 and slowly diminishes towards the walls, which is also consistent with the numerical results. 19 Figures 5 and 6 show the radial distributions of H r , H z , ͑Fig. 5͒, and H ͑Fig. 6͒ components in the H-mode discharge in argon sustained with 770 W input powers at 30 mTorr. The Langmuir probe measurements suggest that the spatially averaged values of the plasma density and effective electron temperature are n e,i ϭ6ϫ10 11 cm Ϫ3 and T eff ϭ3.2 eV, respectively. Apparently, at higher plasma densities the effect of screening of the electromagnetic field by the plasma becomes more pronounced, which certainly affects the field topography in the chamber. Generally speaking, an increase of the plasma density results in the three main changes of the field patterns. First, the amplitudes of the induced magnetic fields become smaller at the same axial position. Second, the signal phase variations along the radius become more pronounced. Third, the character of the radial variation of some components becomes quite different from the low-density plasma case. From Figs. 5 and 6 one can see that the most apparent changes happen to the radial magnetic FIG. 4 . Radial distribution of the amplitude of the induced azimuthal component of the magnetic field in the rarefied plasma for the axial position z ϭ8 cm and azimuthal angle ϭ0°. Other parameters are the same as in Fig. 3. FIG. 5. Radial profiles of the amplitude ͑solid circles͒ and phase ͑void circles͒ of the induced radial ͑a͒, ͑b͒ and azimuthal ͑c͒, ͑d͒ components of the magnetic field in the chamber filled by dense (6ϫ10 11 cm Ϫ3 ) plasma for zϭ8 ͑a͒, ͑c͒ and 12 cm ͑b͒, ͑d͒. Total input power into the plasma is P p ϳ770 W. Other parameters are the same as in Fig. 3.   FIG. 6 . Radial distribution of the amplitude ͑solid circles͒ and phase ͑void circles͒ of the induced azimuthal component of the magnetic field in the H-mode discharge, for the same parameters as in Fig. 5 . Measurements are made at the axial position zϭ8 cm and azimuthal angle ϭ0°.
field component, whereas the effect of the plasma density on H z appears to be the weakest.
Figures 7 and 8 display the axial profiles of the induced magnetic field components. The measurements were performed by inserting the magnetic probes through the quartz feedthroughs inserted through the holes in the botton endplate of the chamber and aligned parallel to the chamber axis. The radial and axial components were measured at the radial position rϭ8 cm and azimuthal angle ϭ90°, while the H component was measured on the chamber axis r ϭ0 and ϭ0°. The choice of the radial position to measure the signal was motivated by the relative maxima in the radial profiles in the corresponding magnetic field components. We recall that the azimuthal angle was measured with respect to the direction of the resulting oscillating rf current and the axial coordinate with respect to the midplane between the parallel current sheets as shown in Fig. 1 .
From Figs. 7͑a,c͒ and 8͑a͒ one can note that in the electrostatic discharge mode all three components show a consistent tendency to decrease away from the excitation source. It is also remarkable that the amplitudes of all three components decrease in approximately four times when the probe was moved downwards from zϭ9 to zϭ25 cm. From Fig.  7͑c͒ we can also see that the axial magnetic field vanishes at the bottom endplate of the chamber, in accordance with the required boundary conditions. 27 Switching the discharge to the electromagnetic (H) mode results in remarkable changes in the distribution of the electromagnetic field in the plasma chamber. First, the amplitudes of all three components are smaller near the internal antenna as compared with the rarefied plasma case. Second, the decaying profile of the axial magnetic field component ͓Fig. 7͑d͔͒ becomes smoother and more uniform compared to the corresponding profile ͓Fig. 7͑c͔͒ in the E-mode discharge. Third, the character of variation of H r and H components with z changes dramatically. Indeed, the initial relatively smooth decay changes to the rise at Ϸz ϭ14Ϫ15 cm. We emphasize that the observed rise of the amplitudes of magnetic fields while approaching the bottom endplate is not common for conventional sources of inductively coupled plasmas. The experimental mapping of the magnetic field profiles in the cylindrical discharge vessel has thus confirmed that the enhanced, as compared to conventional sources of low-frequency inductively coupled plasmas, 13 penetration of the electromagnetic field into the chamber can be achieved by introducing a new internal rf antenna that comprises the two internal oscillating current sheets and generates all three components of magnetic field H r , H z , and H , in accordance with earlier theoretical predictions and numerical results.
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IV. DISCUSSION
From the arrangement of the internal coil one can easily conclude that the electric field generated by the antenna oscillates in the r-plane in the direction of the bold solid arrowed line in Fig. 2 . Thus, the electromagnetic field does not feature an axial electric field E z component, which is consistent with the coil arrangement and the symmetry of the problem. Apparently, the rf current inductively driven inside the chamber also oscillates in the same (r-) direction. However, since the currents have to form closed loops, it is reasonable to presume that the return path for this current goes through the r-z ͑''poloidal''͒ cross section. Therefore, this could be one of the major factors in the explanation of deeper penetration of the electromagnetic field inside the plasma as compared to the conventional ICP sources with flat spiral coils that generate ͑at low and moderate rf powers͒ purely azimuthal rf electric fields and currents, the latter having the return loops in the r-cross section. In the latter case, one can attribute the field penetration mostly to the skin effect that controls the electromagnetic field penetration into dense plasma media with the plasma frequency exceeding the frequency of the incident wave. 28 In our case, a combi- nation of the two major factors, namely, the excitation of poloidal rf current loops and skin-effect results in a pronounced penetration of the electromagnetic field inside the vacuum chamber. A deep penetration of magnetic fields into the chamber has convincingly been confirmed by the results of magnetic field measurements presented in Figs. 3-8 . It is also noteworthy that this phenomenon is also affected by nonzero values of the E z component that might appear in a real discharge due to a finite gap ͑neglected in numerical calculations in Ref.
19͒ and hence, a potential difference between the two parallel current sheets in the coil.
In the above, we have not shown the spatial profiles of the induced magnetic fields in the fully evacuated plasma chamber. However, as we have mentioned above, such profiles are quite similar to the rarefied plasma case. It is thus interesting to estimate at what values of the plasma density the effects of the plasma screening of the electromagnetic fields come into play. We have estimated that by comparing the relative impacts of the geometric ⌼ 2 and plasma screening (/c) 1/2 terms in the expression for the skin length ͑1͒. The estimates show that the spatially averaged plasma density should exceed n e,i ϳ4ϫ10 9 cm Ϫ3 for the classical plasma screening effects to become significant. In the case presented, the spatially averaged plasma density in the electrostatic (E) mode was Ϸ3.3ϫ10 9 cm Ϫ3 , which is below the estimated threshold.
When the plasma density was increased by more than two orders of magnitude ͑to 6ϫ10 11 cm Ϫ3 ) by switching the discharge to the high-density electromagnetic (H) mode, several remarkable changes in the spatial profiles of magnetic fields were observed. However, the relative changes in the radial profiles ͑Figs. 5 and 6͒ were not as pronounced as in the axial ones ͑Figs. 7 and 8͒. Furthermore, similar changes in the radial topography of magnetic fields are much stronger in conventional inductively coupled plasma sources with a planar external coil. 13 In particular, as suggested by the results in Figs. 3 and 5, the amplitudes of H r and H components decrease in Ϸ1.5-2 times at the same axial position. On the other hand, the axial magnetic field component was affected by the plasma density variations even to the less extent ͑Figs. 4 and 6͒. In a conventional ICP configuration with a flat spiral coil a similar change would be at least several times larger. 14, 19 One can attribute this observation to the relatively high importance ͑as compared with the ICP planar-coil sources͒ of the geometrical factor ⌼ and the generation of poloidally circulating rf currents that maintain a strong azimuthal magnetic field, which is yet another distinctive feature of the antenna configuration of our interest here. From the axial profiles shown in Figs. 7 and 8 one can deduce a remarkable discrepancy with the conventional exponential evanescence predicted by the classical theory of the skin effect in the plasma. Specifically, the expected evanescence estimated by using the previous modeling results 19 would be at least 20-25 times as compared to the actually recorded decline in a factor of 4 -10.
We emphasize that the radial profiles ͑Figs. 5 and 6͒ in the electromagnetic discharge mode are quite different but generally reproduce similar trends in the rarefied plasmas. The axial profiles, on the contrary, show quite different behavior ͑Figs. 7 and 8͒. A possible explanation could be that the geometric factors control the radial magnetic field distribution, whereas the plasma eigenmodes are excited along the axial direction.
Another possibility is that similarly to conventional ICPs with external planar coils, the excitation of the azimuthal magnetic field H can enhance the penetration of the rf field due to nonlinear effects, 29 which become stronger at lower frequencies of the rf generator. 12 However, since the azimuthal magnetic field component is generated at the fundamental frequency ͑as confirmed by the results in Figs. 3-8͒ we should expect that the enhanced penetration of the magnetic field can be achieved as a result of primary nonlinear effects. In conventional inductively coupled plasmas with external flat spiral coil the H component does not appear at the fundamental frequency and the enhanced penetration of the magnetic field can be achieved as a result of secondary nonlinear effects only. This phenomenon warrants further experimental and modeling endeavors in the near future.
The operation of the plasma source in the high-density electromagnetic mode also affects the phase j ϭarccot͓Re(H j )/Im(H j )͔, which controls the relation between the real Re(H j ) and imaginary Im(H j ) parts of the jth component of the induced magnetic field. In the rarefied plasma, the field oscillations are almost synphased with the rf current ͓for this reason the phase is not shown in Figs. 3, 4 , 7͑a,c͒, and 8͑a͔͒ and Re(H j )ӷIm(H j ). When the plasma density increases, the imaginary parts of the magnetic fields become values of the same order of magnitude as the real parts, accompanied by a notable phase shift with respect to the antenna current.
To verify the experimental results, we have computed the radial profiles of the magnetic field components in the dense plasma case by using our earlier model of a spatially uniform plasma 19 with the plasma density that equals to the spatially averaged electron/ion number density derived from the Langmuir probe measurements. The numerical results plotted as dashed curves in Fig. 9 generally reproduce the measured radial variations of the magnetic field and are also in a fairly good quantitative agreement with the experimental data. The apparent source of the remaining discrepancy between the theoretical and experimental results is the actual nonuniformity of the plasma in the chamber. The new models properly accounting the nonuniform distributions of the plasma density in the plasma source of interest here are eagerly anticipated in the near future. Meanwhile, various nonlinear effects, such as generation of the second ͑and higher͒ harmonic current, ponderomotive and Lorenz forces, become more important at higher power levels and can affect the field distribution in the chamber. 15, 30 Furthermore, using the experimental map of the magnetic fields and the relations between the electric and magnetic fields following from the set of Maxwell's equations ͑see, e.g., Eqs. ͑2͒-͑8͒ of Ref. 19͒ we have obtained the distribution of the rf power deposited in the discharge chamber,
where
is the conductivity of the uniform collisional plasma, pe is the electron Langmuir frequency. Here, e is the effective rate of electron collisions and is the frequency of the rf generator. A representative semiquantitative contour plot in Fig. 10 unambiguously confirms that the fairly uniform profiles of the rf power deposition have indeed been achieved experimentally. It is notable that the power density profiles shown in Fig. 10 favorably differ ͑es-pecially in the areas adjacent to the chamber axis͒ from the two-dimensional contour plots and three-dimensional profiles shown in Figs. 7͑b,d͒ Ref. 19 and 9͑b͒, 19 respectively. It is worthwhile to compare the spatial profiles of the rf magnetic fields in the plasma source of our interest here and conventional source of inductively coupled plasmas with the external flat spiral coil. Figures 11 and 12 show the radial profiles of the nondimensional H z , H z , and H magnetic field components in both plasma sources in the electrostatic (E) and electromagnetic (H) modes, respectively. In all cases the ICP discharges were sustained in the same vacuum chamber and under fairly similar conditions. The difference was in the actual antenna configuration used. To plot the nondimensional profiles of the magnetic field components in the ''conventional'' ICP with the 17-turn flat spiral coil, the data of Refs. 13 and 15 were used. Each of the components was normalized on its maximum value over the radial span of the chamber, i.e., H j (r)ϭH j (r)/H j,max , where jϭr, z, . Despite some difference in the discharge parameters, from Figs. 11 and 12 one can figure out the major differences in the rf field distributions in both plasma sources. To be more concise in the description, we will further refer to the conventional ICP sources with the flat external coil antenna configuration simply as the ''ICP source'' and to the new plasma source of our interest here as the plasma source with the internal oscillating current ͑PSIOC͒.
One can conclude from Figs. 11 and 12 that the magnetic field profiles are generally smoother in the PSIOC. It is also seen that different field components feature quite different behavior near the chamber axis. For instance, in the vicinity of rϭ0 the radial magnetic field component in the PSIOC is much larger than in the ICP. On the other hand, near the chamber axis, the H z component is close to its peak value in the ICP and is very small in the PSIOC. From Figs. 11͑c͒ and 12͑c͒ one can conclude that the radial uniformity of the H component is remarkably better in the PSIOC. Furthermore, the absolute value of the azimuthal magnetic field component ͑at the rf generator frequency͒ ͑Ref. 15͒ in the ICP is much smaller compared to all other magnetic field components in Figs. 11 and 12. The peak locations are also quite different in the two plasma devices. In the low-power E-mode discharge in the PSIOC, the H r and H components peak near the chamber axis, whereas the H z component reaches its maximum at the chamber periphery. Meanwhile, in the H-mode discharge in the PSIOC, the maximum values of the H r and H z components shift to the plasma bulk (r ϳ7 -10 cm). On the other hand, the H r and H z components show a similar peak behavior in both modes of the ICP discharge. The radial magnetic field component peaks at r ϳ9 -10 cm, whereas the H z component features a wellresolved minimum at rϳ10.5-11.5 cm.
Using the data of Figs. 3-6 , 11, and 12, as well of Fig.  3 , 15 we will now qualitatively relate the radial profiles of the magnetic field components to the uniformity of the rf power deposition in both plasma sources. First, from Fig. 3 ͑Ref. 15͒ one can observe that ͉H r ͉Ӷ͉H z ͉ near the chamber axis of the ICP source. However, at larger radii ͑e.g., at the midradius distance͒, the H r component becomes much larger than H z . Furthermore, ͉H r,max ͉ϳ3͉H z,max ͉ and ͉H ͉Ӷ͉H z ͉, ͉H r ͉. 15 Hence, the quantity
which is proportional to the rf power density in the chamber, does feature a dip within a few centimeters from the axis, which is consistent with the data shown in Figs. 7͑b,d͒ ͑Ref. 19͒ and 9͑b͒. 19 Contrary to the ICP case, the amplitudes of all magnetic field components in the PSIOC remain within the same range at different radial positions. It is also remarkable that the variations of the azimuthal component are very slow ͑Figs. 4 and 6͒. Furthermore, a decrease of H r with r is ''balanced'' by a similar increase of H z . Therefore, the radial dependence of should indeed follow the pattern shown in Fig. 10 and feature a somewhat better uniformity compared to the ICP case. Unfortunately, due to the difference in the operation parameters of our experiments here with the available earlier data, 13, 15 the actual improvement of the uniformity of the rf power deposition cannot be unambiguously quantified at this stage and the comparison under identical conditions is required in the near future. Likewise, the absence of the detailed axial scans of the magnetic fields in the ICP source 13, 15 disables a comprehensive comparison of the dependence H j (z) at different radii. However, we have recorded that the maximum amplitudes of the H r component measured through the two adjacent upper portholes ͑separated by 4 cm͒ in the H-mode ICP discharge differ in at least three to four times, whereas a similar difference inferred from Fig. 5 does not exceed a few tens of percents. This certainly evidences a deeper penetration of the magnetic fields in the PSIOC as compared to the ICP.
Generally speaking, one should be cautious in relating the uniformity of the rf power deposition to the uniformity of the plasma density profiles and the fluxes of neutral/ion species onto the surface being processed. For example, in cylindrical plasma sources with the external helical coils, the rf power density peaks near the edge, whereas the plasma density is maximal near the chamber axis. 25 For this reason, only the direct mapping ͑e.g., by using rf-compensated single Langmuir probes͒ of the plasma density in both plasma sources can yield a conclusive answer on the actual improvement of the uniformity of the plasma density in the PSIOC compared with the ICP. The preliminary results 24 allow us to be quite optimistic in this regard and we expect to report the results in the near future.
A reasonable indication of the improvement of the uniformity of the plasma density in the PSIOC can be obtained from the results of direct comparison of the spatially resolved radial ͑Fig. 13͒ and axial ͑Fig. 14͒ profiles of the optical emission intensity ͑OEI͒ in the two plasma devices. In both figures, the OEIs of selected emission lines of neutral and ionized argon species are shown. Assuming the electron impact processes to be the main mechanisms responsible for the excitation of argon species, one obtains I n Ar ϳn n n e and 
I i
Ar ϳn i n e , where I n Ar and I i Ar are the optical emission intensities of the neutral and singly ionized argon species, and n n is the number density of the argon neutrals. In the vacuum chamber used in both devices, the distribution of the neutral species can be considered uniform due to the uniform ''showerlike'' gas inlet through multiple orifices in the upper flange of the chamber. 13 Hence, the radial and axial profiles of I n Ar in Figs. 13͑a,c͒ and 14͑a,c͒ fairly accurately reflect the distribution of the electron number density ͑and, hence, n i due to the overall charge neutrality͒ in the reactor chamber. To this end, it is clear that the axial uniformity of the plasma density ͓Figs. 14͑a,c͔͒ is indeed better in the PSIOC. The profiles of the OEI of argon ions ͓which reflect the distribution of the product n i (r,z)n e (r,z)] also show very similar tendencies, with the expected faster decline of I i Ar with z ͓Fig. 14͑d͔͒. From the results and discussions above, we can attribute the observed axial profiles of the OEI to the deeper penetration of the electromagnetic field and, hence, the rf power deposition in the plasma source of our interest here. However, the comparison of the radial profiles in Fig. 13 does not reveal any substantial gain in the uniformity of the plasma density in the PSIOC compared to the ICP. We thus hope that further detailed measurements in both devices will bring in some light into this issue.
V. CONCLUSION
Electromagnetic properties of the low-frequency ͑0.46 MHz͒, inductively coupled plasma source sustained by a unidirectional oscillating internal rf current have been investigated experimentally. Spatial distribution of the electromagnetic field inside the chamber in the low-density electrostatic (E) and high-density electromagnetic (H) modes have been studied using two miniature magnetic probes. The antenna comprises two alternately reconnected sets of eight parallel current-carrying wires, in each of them the rf current flows in the same phase and direction. The original way of reconnection satisfies the principle of the minimized impedance of the entire antenna configuration, which certainly enables better efficiency of the rf power deposition into the plasma being FIG. 13 . Comparison of nondimensional radial profiles of the OEI of selected optical emission lines from the H-mode discharges in the plasma sources with the internal ͑a͒, ͑b͒ ͓ P p ϳ640 W, p 0 ϭ51 mTorr, and ϭ0°] and external ''pancake'' ͑c͒, ͑d͒ ͓ P p ϳ670 W, p 0 ϭ29 mTorr ͑Ref. 21͔͒ rf coil configurations. Diagrams ͑a͒ and ͑c͒ correspond to 840.82 and 420.07 nm spectral lines of argon atoms, respectively. Diagrams ͑b͒ and ͑d͒ correspond to 386.9 and 434.81 nm emission lines of singly ionized argon ions, respectively.
FIG. 14. Same as in Fig. 13 . In diagrams ͑c͒ and ͑d͒, P p ϭ1.2 kW and p 0 ϭ40 mTorr.
created. In addition to the three fundamental-harmonic electromagnetic field components E , H z , and H r of the ''pancake'' coil ICPs, the originally designed antenna generates two additional fundamental frequency components, namely, H and E r , which results in the improvement of the uniformity of the rf power deposition as compared to conventional sources of inductively coupled plasmas with external flat spiral coils. The measured radial distributions of the magnetic fields are found in a good agreement with the numerically computed profiles. The spatially resolved profiles of the optical emission intensity indicate on the improvement of the uniformity of the plasma density over large chamber volumes.
Our ongoing work is on the quantifying the most optimal discharge control parameters when the uniformity of the rf power deposition is the best. Future work will be focused on the explanation of anomalous penetration of magnetic fields into the plasma chamber, elucidation of the possible role of nonlinear effects in the rf power deposition, and the development of self-consistent numerical models of nonuniform plasmas in low-pressure E-mode and H-mode discharges sustained by two internal crossed unidirectional current sheets. 
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